Background: Individuals with mild cognitive impairment (MCI), often a precursor to dementia, experience limitations in completing daily activities. These limitations are particularly important to understand, as they predict risk for dementia. Relations between functional changes and both cognitive decline and upper extremity motor impairments have been reported, but the contribution of motor function to relations between cognitive function and functional independence remains poorly understood. We examined the relationship between cognition and upper extremity activities, and whether this relation was mediated by motor function. Methods: A total of 430 community-dwelling primary care patients aged at least 65 years from the Boston Rehabilitative Impairment Study of the Elderly completed self-report measures of upper extremity function, tests of neuromuscular attributes to measure motor function (reaction time, pronosupination of the hands), and neuropsychological measures. Participants were classified based on cognitive performance into groups: MCI and without MCI, with MCI further classified by cognitive subtype. Regression and mediation analyses examined group differences and relations between cognitive function, upper extremity function, and neuromuscular attributes. Results: MCI participants demonstrated poorer neuromuscular attributes and self-reported upper extremity function, and neuromuscular attributes significantly mediated positive relations between cognitive status and self-reported upper extremity function. Poorer self-reported upper extremity function was most prominent for groups with executive dysfunction. Conclusions: Together with previous research, results suggest that the relationship between cognitive function, motor function, and functional activities is not confined to mobility tasks but universally related to body systems and functional activities. These findings inform new approaches for dementia risk screening and rehabilitative care.
they are driven by cognitive (ie, central) factors associated with brain function such as memory and executive function and/or motor (ie, peripheral) factors such as muscle strength, speed, and coordination. Understanding this relationship would likely have important clinical implications to inform targets for intervention and prevention, characterize the progression of decline, and identify individuals at greatest risk for dementia.
Systematic examination of this question requires identification of the components that comprise overall function. The International Classification of Functioning, Disability and Health (ICF) (7) provides a useful taxonomy of the health-related components of functioning and disability, including body functions and structures (eg, mental or sensory functions), activities (eg, mobility, self-care), and participation (eg, interpersonal interactions, community life). This framework is helpful in examining functional limitations that arise from impairments in cognitive and physical function (ie, body functions and structure). Within the domain of body functions and structure, the ICF model specifically includes "neuromusculoskeletal and movement-related functions," herein referred to as "neuromuscular attributes" and "motor function" for purposes of addressing the described peripheral, or physical, component of function using the terminology of this established model. It is acknowledged that aspects of movement-related functions also rely on central or cognitive factors, which will be further addressed in the Discussion section.
In evaluating the contribution of cognitive function to completion of daily activities, consideration should be given to specific cognitive domains. MCI subtypes have been identified based on the number of domains affected (ie, single-vs multi-domain MCI) as well as the type of impairment, specifically whether memory impairment is present (ie, amnestic MCI [aMCI]) or absent (ie, nonamnestic MCI [naMCI]) (8) . Parsing MCI subtypes is particularly important given evidence of relations between specific cognitive domains (eg, memory, executive functions) and everyday activities in MCI (9) (10) (11) .
Research has also highlighted the relevance of changes in motor function to the progression of cognitive decline. Specifically, cognitive functions have been linked to upper extremity motor functions, including fine motor dexterity, alternating forearm movements, and bimanual coordination (12) (13) (14) (15) (16) , and poorer manual dexterity is associated with a higher risk of incident neurodegenerative disease (17) . Further, changes in motor function, particularly in higher-level upper limb function, have been associated with reduced activities of daily living in aging (18) . These studies highlight the importance of considering relations between higher-level motor ability of the hands and everyday activity completion in cognitively impaired individuals.
As described, cognitive and basic motor functions both relate to changes in daily activities that occur with age, and relations between cognitive and motor impairments are established. However, the combined contribution of cognitive and motor impairment to difficulty with upper limb functional activities (eg, reaching and grasping to complete tasks such as meal preparation) among older adults remains unknown, constituting an important open question. A relationship between cognitive function and lower extremity motor activities such as gait and mobility (19, 20) has been established, with mobility limitations most strongly predicted by performance on measures of executive function (20) . A similar relationship between upper extremity motor functions and cognitive function may exist that affects daily activities, with executive function performance relating to both motor functions of the hands and/or arms (ie, body functions) as well as upper extremity activities (eg, meal preparation, dressing). Such a relationship would be expected based on shared neurological underpinnings of these cognitive and motor functions, namely the reciprocal connectivity of subcortical structures, the cerebellum, and the frontal lobe and their contributions to planned, topdown movements (21) .
This study evaluated the relationship between self-reported upper extremity ability (ie, at the level of activities) and cognitive function as measured by MCI status, and specifically whether upper extremity motor function as measured by neuromuscular attributes (ie, reaction time, pronosupination of the hands) mediates the relationship between cognitive function and upper extremity activities. We hypothesized a relationship between MCI status and self-reported upper extremity activities that is mediated (indirect effect) by performance-based neuromuscular attributes, such that participants with MCI would demonstrate weaker neuromuscular attributes, and in turn, poorer self-reported upper extremity activities. We expected these associations to be observed for all MCI subtypes. Although much of the literature has focused on the impact of lower extremity limitations on function, the research described suggests that evaluating upper extremity contributions may provide important, novel information on the mechanisms and potential treatment of cognitive and functional decline.
Methods

Participants
Baseline data were used from the Boston Rehabilitative Impairment Study of the Elderly (RISE), a cohort study of 430 community-dwelling primary care patients ages at least 65 with self-reported mobility challenges. Participants were recruited through primary care practices at Massachusetts General Hospital and Brigham and Women's Hospital and underwent database screening and telephone interviews to determine eligibility prior to screening procedures. Eligible participants met the following criteria: living in the community, aged 65 and older, English proficiency, self-reported difficulty walking half a mile or climbing a flight of stairs. Exclusion criteria included severe cognitive impairment likely to reflect dementia as defined by Mini-Mental State Examination score less than 18 (22) , terminal medical illness, severe visual impairment, uncontrolled hypertension, amputation of a lower extremity, use of oxygen supplementation, history of heart attack or major surgery in the last 6 months, planned major surgery, plans to move away from the Boston area within 2 years, and Short Physical Performance Battery score less than 4 (23) . Details on Boston RISE methods can be found elsewhere (24) . As described in this methods paper by Holt and colleagues (24) , participants attended a baseline eligibility visit followed by a second visit (if eligible) within 2 weeks. If eligible, participants completed a physical examination, neuropsychological testing, and pain questionnaires conducted by a nurse practitioner at the initial visit and physical performance testing and questionnaires on functional ability, falls, rehabilitative care, and physical activity conducted by a research assistant at the second visit. This study was approved by the Spaulding Rehabilitation Hospital Institutional Review Board.
Upper Extremity Measures
Self-report of upper extremity activities
The upper extremity portion of the Late Life Function and Disability Instrument (LLFDI) assesses functioning in a number of daily activities requiring the hands/arms (25) . The LLFDI is associated with performance-based measures of function (26) and is valid among older adults (25) (26) (27) (28) . This study used the Function component of LLFDI assessing self-reported difficulty in performing 32 physical activities, with 7 specific to upper extremity abilities (eg, using common utensils for meal preparation, holding a full glass of water). Scores on the LLFDI are transformed to scaled scores (0-100), with higher scores reflecting better functioning (25) .
Neuromuscular attributes
Mean reaction time was measured using methods developed by Lord and colleagues (29) for older adults who were frequent fallers (specifically, the time required to click a computer mouse in response to a flashed light). Participants were instructed to press a right mouse button as fast as possible when a red light appeared on the mouse, with 5 practice trials followed by 10 test trials. Outlier responses were omitted: those more than 150-200 ms slower than practice trials and faster than 150 ms. Participants used the hand of their choice; mean reaction time served as the dependent variable.
Pronosupination of the hands was measured by instructing participants to switch between palm facing up and down positions as quickly as possible in 20 seconds. Right and left hands were tested independently, with two to three slow, controlled trials followed by two rapid practice trials prior to the test trial. The number of accurate movements was recorded, defined as complete cycles back to the starting position, and served as the dependent variable. Consistent with previous studies (1, 20) , impaired performance was defined as 1.5 SD below age-adjusted means, and individuals with impairment on two dependent variables were classified as having MCI (35) .
Cognitive Measures
Participants were classified following the model of previously established criteria that group individuals based on the cognitive domain of impairment (amnestic or nonamnestic) as well as the number of impaired domains (single or multiple) (35, 36) . Participants were thus classified as cognitively intact (no-MCI) or impaired (MCI) and those with MCI were further classified based on impairment domain. Participants demonstrating impairment on at least two memory measures and no other cognitive impairments were classified as having single-domain aMCI; participants with intact memory scores and impaired performance on at least two nonmemory (attention and/or executive function) measures were classified as having naMCI. Those demonstrating impairment on both memory and nonmemory measures were classified in a third group (multiple-domain aMCI [mdMCI]). Given the focus of the Boston RISE sample on functional activities and neuromuscular impairments, a circumscribed cognitive battery was administered to participants. Thus, more comprehensive cognitive characterization of the sample (eg, language, visuospatial ability) was not possible, and groups were solely classified based on memory impairment alone (aMCI), attention/executive function impairment alone (naMCI), or both memory and attention/executive function impairment (mdMCI).
Statistics
Descriptive characteristics for the study population are presented in Table 1 . These characteristics were compared across MCI subtypes using t tests or nonparametric tests when needed and chi-square tests. Linear regression was performed using different models to (a) estimate the association between the key independent variables (MCI or MCI subtype) and the dependent variable (upper extremity function), and (b) to test the mediation effect described later. Covariates of sex, race, and education were applied the multivariate models based on clinical significance. Using the definition of mediation from previous studies (37, 38) , we tested whether neuromuscular attributes (ie, mean reaction time and pronosupination of the hands) mediated associations of MCI subtypes with upper extremity activities. Mediation was examined by estimating the following regression equations: Iacobucci (39) also indicated that the categorical variable X (MCI subtype) may be treated as a dummy variable with the mechanics of the mediation analyses remaining the same. Using the definition of mediation from previous studies (37), we then tested whether the relationship between MCI subtype and upper extremity function was explained by the neuromuscular attributes. A mediator effect was supported if the β-coefficient for mdMCI group was reduced by more than 10% when the mediator (ie, average reaction time and pronosupination of the hands) was included in the models (40) ( Table 5 ). Statistical significance was set at an alpha level of .05. As a post hoc analysis, we investigated whether results differed after adjusting for psychotropic medication use and comorbidities. Psychotropic medications included any medications classified under the Iowa Drug Information Service as psychotherapeutic agents or anxiolytics. All analyses were conducted in SAS, version 9.4. 
Results
Baseline Characteristics
Relations Between Neuromuscular Attributes and MCI Status
MCI and no-MCI participants differed significantly in mean reaction time and pronosupination of the hands within unadjusted and adjusted models (all absolute value βs ≥ 2.29, all ps ≤ .02), with poorer performance observed in the MCI group across analyses (see Table 2 ). When considering MCI subtypes, the p-trend across groups was significant for both reaction time and pronosupination of the hands (both p's < .005). Individual comparisons showed that participants with naMCI exhibited significantly poorer pronosupination of the hands compared to no-MCI (β = −5.54, p = .02), and mdMCI participants were significantly worse on both neuromuscular attributes compared to no-MCI (absolute value β's ≥ 2.64, all ps ≤ .01). In contrast, aMCI and naMCI groups did not differ from participants without MCI in mean reaction time, and participants with aMCI did not differ significantly from those without MCI in pronosupination of the hands (see Table 3 ).
Relations Between Self-reported Upper Extremity Function and MCI Status
There were no significant differences between MCI and no-MCI in self-reported upper extremity activities (see Table 2 ). However, adjusting for sex, race, and education, the p-trend across groups was significant (p = .04). Individual comparisons showed that participants with mdMCI reported significantly poorer upper extremity activities than those without MCI (β = −3.52, p = .04). In contrast, those with aMCI and naMCI did not differ from participants without MCI in self-reported upper extremity activities (see Table 3 ). However, inspection of confidence intervals suggests that the naMCI group may have been underpowered to detect a significant effect, and it will be important to replicate these findings in a larger sample in order to more closely examine individual MCI subtype comparisons.
Mediation by Neuromuscular Attributes
The relationship between cognitive status and self-reported upper extremity activities was mediated by neuromuscular attributes. Mean reaction time and pronosupination of the hands were statistically associated with self-reported upper extremity activities in both unadjusted and adjusted models ( Table 4 ). The p-trend was significant for the association between MCI status and self-reported upper extremity activities across the groups, adjusting for demographic covariates (p = .04). This relationship was no longer significant when average reaction time (p = .11) or pronosupination of the hands (p = .08) was independently added to the model. For all MCI subtypes with no-MCI as the reference group, adding reaction time and pronosupination of the hands independently to the model reduced the size of the β estimate by at least 15% with the exception of reaction time in the naMCI group (10.09%), further supporting mediation by neuromuscular attributes (see Table 5 ). Further examination of MCI subtypes suggests that differences in self-reported upper extremity function are most strongly related to difficulties in executive function (naMCI and mdMCI absolute value of βs ≥ 3.52) rather than memory impairment (aMCI β = −0.57).
Results of the post hoc analysis adjusting for medication use and comorbidities revealed that the association between MCI subtype and upper extremity function was attenuated and nonsignificant (0.06). However, this was likely due to lack of statistical power given the small number of participants in some of our MCI groups. Despite this, average reaction time and pronosupination of the hands continued to attenuate the relationship between MCI subtype and upper extremity function by at least 15%, suggesting a mediating effect.
Discussion
Results indicate that neuromuscular attributes (ie, body functions) and self-reported upper extremity ability (ie, activities) vary by MCI status, with poorer motor performance and self-reported activities in individuals with cognitive impairment. Further, neuromuscular attributes measured by reaction time and pronosupination of the hands mediated relations between MCI status and self-reported upper extremity activities. Poorer self-reported upper extremity activities were specifically found in the mdMCI group, whereas group differences were not found between MCI (all subtypes combined) and no-MCI. Given larger beta-coefficients and confidence intervals found for nonamnestic groups (ie, naMCI and mdMCI), it is likely that limited power because of the small sample size of the naMCI group accounts for the nonsignificant effect of self-reported upper extremity activities as well as the limited variance explained by the model adjusted for reaction time in this group.
Results extend previous research showing associations between cognitive functions, specifically executive functioning, and lower extremity mobility activities (19, 20) , suggesting that similar associations apply in the upper extremity. Mediation of this relationship by neuromuscular attributes highlights the possible shared impact of cognitive and motor deficiencies on everyday activities and is consistent with overlapping cognitive and motor neural circuitry (ie, reciprocal connectivity of subcortical structures, the cerebellum, and the frontal lobe and their contributions to planned, top-down movements) (21) . The notion that executive functions strongly relate to the ability to carry out upper extremity everyday tasks is in line with previous research indicating relations between executive dysfunction and difficulty with everyday tasks related to health and safety such as medication management (41, 42) as well as financial management (43) .
These findings build on previous work and suggest that executive dysfunction may affect more discrete upper extremity components of these tasks such as reaching for and grasping objects central to task completion. It follows that frontally mediated cognitive processes (eg, processing speed, selective attention, self-monitoring) are required for the execution and/or coordination of seemingly basic motor components of daily tasks, which is further supported by research revealing relations between cognition and motor abilities (12) (13) (14) (15) (16) . Further, that the mdMCI group specifically demonstrated poorer self-reported upper extremity activities than no-MCI participants is consistent with research showing that the combination of executive and memory impairment in MCI is associated with more severe functional activity limitation than single-domain MCI (44, 45) . Although the current cross-sectional study precludes conclusions regarding causation that would explicitly inform clinical screening and intervention targets, observed relations suggest important directions for future prospective research studies. Specifically, results suggest the possibility that upper extremity tasks that include basic motor functions such as reaction time or basic motor coordination (eg, pronosupination of the hands) may be useful screening tools for risk for cognitive and functional decline. This has also been suggested by previous work relating manual dexterity to risk for future neurodegeneration (17) . In addition, future work should examine whether interventions targeting neuromuscular attributes such as strength and motor dexterity may benefit cognitive and functional outcomes. When considered in the context of previous research demonstrating relations between cognition and mobility, results highlight that the relationship between cognition, motor functioning, and functional activities is not confined to lower limb or mobility tasks, but more universally applies to body systems and everyday activities. This has significant implications for care in the rehabilitation setting, as interventions targeting one body system may have more generalizable benefits than previously considered. Specifically, upper limb exercises may be useful to improve functional outcomes for patients with mobility problems, or lower limb activities addressing neuromuscular impairments may be beneficial with upper limb activities. These body limb exercises may also confer cognitive benefits, which constitutes an interesting area for future study. Though direct causal links cannot be concluded from this cross-sectional study, findings broaden the perspective of the interrelationships among cognitive impairments, neuromuscular impairments, and everyday activity limitations.
A number of potential limitations should be noted, including the cross-sectional analyses that preclude conclusions regarding causality or change over time. In addition, the study sample was recruited based in part on self-reported mobility problems, which limits the generalizability of these findings. Finally, the small sample size of MCI subtypes may have limited our power to detect small but meaningful effects, and the lack of a more comprehensive cognitive battery to assess relations with other domains (eg, language, visuospatial ability) is also acknowledged. Overall, however, this study examined a novel question about relations between upper extremity motor ability and cognitive function as they relate to completion of daily activities, which has important implications for informing geriatric care.
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